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Abstract 

Background:  Maternal  consumption  of  a  diet  high  in  omega  6  polyunsaturated  fats  (n-6  PUFA)  has  been  shown 
to  increase  risk  whereas  a  diet  high  in  omega  3  polyunsaturated  fats  (n-3  PUFA)  from  fish  oil  has  been  shown  to 
decrease  risk  for  mammary  gland  cancer  in  female  offspring  of  rats.  The  aim  of  this  study  was  to  determine 
whether  increasing  n-3  PUFA  and  reducing  n-6  PUFA  by  using  canola  oil  instead  of  corn  oil  in  the  maternal  diet 
might  reduce  the  risk  for  breast  cancer  in  female  offspring. 

Methods:  Female  SV  129  mice  were  divided  into  two  groups  and  placed  on  diets  containing  either  10%  w/w  corn 
oil  (which  is  50%  n-6  PUFA,  control  diet)  or  10%  w/w  canola  oil  (which  is  20%  n-6  PUFA,  10%  n-3  PUFA,  test  diet). 
After  two  weeks  on  the  diets  the  females  were  bred  with  homozygous  C3(1)  TAg  transgenic  mice.  Mother  mice 
consumed  the  assigned  diet  throughout  gestation  and  nursing  of  the  offspring.  After  weaning,  all  female  offspring 
were  maintained  on  the  control  diet. 

Results:  Compared  to  offspring  of  mothers  fed  the  corn  oil  diet  (CO/CO  group),  offspring  of  mothers  fed  the 
canola  oil  diet  (CA/CO  group)  had  significantly  fewer  mammary  glands  with  tumors  throughout  the  experiment.  At 
130  days  of  age,  the  CA/CO  group  had  significantly  fewer  tumors  per  mouse  (multiplicity):  the  tumor  incidence 
(fraction  of  mice  with  any  tumor)  and  the  total  tumor  weight  (per  mouse  that  developed  tumor)  was  less  than 
one  half  that  of  the  CO/CO  group.  At  170  days  of  age,  the  total  tumor  weight  per  mouse  was  significantly  less  in 
the  CA/CO  group  and  if  a  tumor  developed  the  rate  of  tumor  growth  rate  was  half  that  of  CO/CO  group.  These 
results  indicate  that  maternal  consumption  of  canola  oil  was  associated  with  delayed  appearance  of  mammary 
gland  tumors  and  slowed  growth  of  the  tumors  that  developed. 

Conclusions:  Substituting  canola  oil  for  corn  oil  is  an  easy  dietary  change  for  people  to  make;  such  a  change  to 
the  maternal  diet  may  decrease  risk  for  breast  cancer  in  the  daughter. 


Background 

It  has  been  shown  that  diets  that  contain  high  amounts 
of  omega  6  polyunsaturated  fatty  acids  (PUFA)  increase 
the  growth  rates  of  cancers  [1]  whereas  omega  3  PUFA 
have  been  shown  to  reduce  cancer  growth  rates  [2]  and 
have  been  suggested  as  cancer  preventive  agents  [3].  The 
type  of  fat  consumed  by  the  mother  during  pregnancy 
and  nursing  of  the  offspring  has  also  been  shown 
to  influence  mammary  gland  cancer  risk  in  the  offspring. 
A  maternal  diet  that  contained  a  high  (versus  low) 
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amount  of  omega  6  fatty  acids  increased  the  risk  for 
mammary  gland  cancer  in  the  carcinogen  treated  off¬ 
spring  [4].  Compared  to  a  corn  oil  diet,  maternal  con¬ 
sumption  of  either  an  olive  oil  containing  diet  (high  in 
omega  9  fatty  acid)  [5]  or  of  a  diet  containing  long  chain 
omega  3  PUFA  from  fish  oil  [6]  has  been  shown  to 
decrease  carcinogen  induced  mammary  gland  cancer  in 
rat  offspring.  We  have  reported  that  the  18  carbon 
omega  3  PUFA  found  in  canola  oil  also  effectively  slowed 
the  growth  of  implanted  mammary  gland  cancers  [7].  We 
hypothesized  that  a  maternal  diet  that  contained  canola 
oil  instead  of  corn  oil  would  increase  maternal  dietary 
omega  3  PUFA  and  thus  reduce  the  risk  for  mammary 
gland  cancer  in  the  offspring. 
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The  C3(l)  SV40  T-antigen  transgenic  mouse  was 
selected  as  the  model  for  this  study.  This  mouse  is  a 
well  characterized  model  developed  in  the  laboratory  of 
Dr.  Jeffrey  E.  Green  jeffrey.greenl@nih.gov.  The  trans¬ 
gene  uses  the  5’  flanking  region  of  the  rat  C3(l)  prostate 
steroid  binding  protein  to  target  expression  of  the  SV  40 
large  T-antigen  in  the  mammary  gland  and  prostate  [8]. 
The  female  mice  develop  invasive  mammary  gland 
tumors  by  16  weeks  of  age  [8].  The  tumors  are  similar 
to  human  infiltrating  ductal  carcinomas,  are  hormone 
responsive  at  early  stages  but  become  hormone  indepen¬ 
dent  in  later  stages  [8]  similar  to  advanced  human 
breast  cancers.  The  lesions  develop  in  a  predictable 
time,  thus,  this  mouse  is  a  good  model  to  study  altera¬ 
tions  in  tumorigenesis  and  progression  [8].  The  T-anti¬ 
gen  is  thought  to  induce  cancer  by  inactivation  of  p53 
[9]  and  Rb  [10],  two  proteins  that  are  involved  in  cell 
cycle  regulation.  Both  p53  and  Rb  are  tumor  suppres¬ 
sors  and  are  frequently  mutated  in  human  breast  cancer. 
Since  the  mouse  has  a  strong  transgenic  tumor  promo¬ 
ter,  complete  prevention  of  tumors  would  not  be 
expected  but  a  delay  in  tumor  development  or  slower 
tumor  growth  compared  to  a  control  group  would  indi¬ 
cate  cancer  preventive  benefit. 

Most  studies  that  have  tested  effects  of  omega  3  fatty 
acids  on  cancer  have  used  the  long  chain  omega  3  fatty 
acids,  eicosapentaenoic  (EPA,  20  carbons,  5  unsaturations) 
or  docosahexaenoic  (DHA,  22  carbons,  6  unsaturations)  as 
the  test  fatty  acids  [examples:  [11-15],  These  fatty  acids 
are  most  commonly  found  in  fish,  thus  fish  oil  or  fish  oil 
concentrates  are  frequently  incorporated  into  diets.  How¬ 
ever,  the  double  bond  in  the  omega  3  position  is  produced 
by  plants  not  by  animals,  and  can  be  found  in  plant  pro¬ 
ducts  as  the  18  carbon  fat,  a-linolenic  acid  (ALA).  Good 
dietary  sources  of  ALA  include  canola  oil,  walnuts  and 
‘omega  3  eggs’  [16].  Flaxseed  or  flaxseed  oil  is  also  a  good 
source  of  ALA  [17]  but  is  often  consumed  as  a  dietary 
supplement  rather  than  a  part  of  the  regular  diet.  Canola 
oil  contains  about  10%  ALA  and  about  20%  linoleic  acid 
(LA),  an  18  carbon  omega  6  fatty  acid  [18],  whereas  corn 
oil  contains  about  50%  LA  and  about  1%  ALA  [18].  A 
ratio  of  omega  3  to  omega  6  fatty  acids  of  somewhere 
between  1:1  and  1:4  has  been  suggested  to  be  much  heal¬ 
thier  than  the  1:10  to  1:25  ratio  of  omega  3  to  omega  6 
fatty  acids  contained  in  the  usual  Western  diet  [19]. 

The  ALA  that  is  consumed  by  animals  (whether  fish, 
mouse  or  human)  may  be  metabolized  without  change 
or  it  may  be  elongated  and  desaturated  to  longer  chain 
lipids  of  the  omega  3  series  [19].  Humans  elongate  and 
desaturate  ALA,  however  there  is  controversy  about  the 
efficiency  of  this  conversion  [19].  Recent  reports  indicate 
that  humans  do  convert  ALA  to  measurable  amounts  of 
EPA  and  docosapentaenoic  acid  (22  carbons,  5  unsa¬ 
turations,  omega  3,  DPA)  and  that  the  conversion  is 


adequate  to  reduce  measures  of  inflammation,  indicating 
biologic  activity  of  the  omega  3  fatty  acids  in  humans 
[20,21].  Long  chain  omega  3  PUFA  incorporated  in  tis¬ 
sues  have  been  shown  to  slow  cancer  growth  in  animal 
models  by  multiple  mechanisms  including:  slowing  pro¬ 
liferation,  increasing  apoptosis  [22],  increasing  lipid  per¬ 
oxidation  [15]  and  increasing  oxidative  damage  in 
cancer  cells  but  not  normal  cells  [15].  Induction  of 
these  mechanisms  is  correlated  with  an  increased 
amount  of  the  n-3  PUFA  in  the  tissues. 

Johnson,  et.  al.  used  data  from  the  National  Health  and 
Nutrition  Survey,  1999-2002,  to  estimate  the  actual  con¬ 
sumption  of  ALA  and  LA  in  the  average  American  diet 
[23].  They  report  that  the  usual  diet  of  adult  Americans 
contains  about  14.7  g  of  LA  and  about  1.5  g  of  ALA  per 
day  [23],  almost  10  times  as  much  LA  as  ALA.  They  esti¬ 
mated  that  if  Americans  replaced  vegetable  oils,  butter, 
and  margarine  with  canola  oil  or  canola  oil  based  margar¬ 
ine  the  intakes  of  ALA  would  increase  to  2.6  g  per  day  and 
of  LA  would  decrease  to  8.1  g  per  day  [23].  This  would 
change  the  ratio  of  these  omega  3  and  omega  6  fatty  acids 
in  the  diet  to  about  1:3,  a  much  healthier  ratio  that  would 
better  meet  current  dietary  fat  recommendations  [23]. 

We  have  shown  that  the  use  of  canola  oil  as  a  source 
of  omega  3  PUFA  significantly  slowed  the  growth  rate 
of  MDA-MB  231  human  breast  cancers  implanted  in 
nude  mice  and  that  the  decreased  tumor  growth  rate 
was  associated  with  increased  long  chain  omega  3  PUFA 
in  mouse  tissues  [7].  There  is  a  suggestion  that  canola 
oil  use  may  be  beneficial  against  cancer  in  humans  in 
that  women  who  used  canola  oil  for  cooking  had  a 
lower  risk  for  breast  cancer  than  those  who  used  hydro¬ 
genated  fats  or  corn  oil  [24].  The  use  of  canola  oil 
instead  of  corn  oil  is  a  diet  change  that  would  be  easy 
to  make  since  canola  oil  could  be  substituted  for  corn 
oil  in  baking,  frying  and  salad  dressings.  Our  results 
indicate  that  such  a  dietary  change  could  result  in 
important  health  benefits,  perhaps  decreasing  risk  for 
cancer  in  the  next  generation. 

Methods 

Animals 

Twenty,  female  SV129  mice,  6  weeks  old  were  obtained 
from  Charles  River  Laboratories  (Wilmington,  MA). 
Breeding  pairs  of  mice  bearing  a  transgene  for  the  SV40 
large  T  antigen  with  a  C3(l)  rat  prostate  steroid  binding 
protein  promoter  were  obtained  from  the  Dr.  Jeffrey 
Green.  The  female  transgenic  mice  are  expected  to 
develop  mammary  gland  cancer  due  to  expression  of  the 
large  T  antigen  in  the  mammary  gland  [25].  The  trans¬ 
genic  line  is  maintained  in  the  laboratory  and  all  mice  are 
genotyped  to  ensure  presence  of  the  transgene.  All  animal 
work  was  approved  by  the  Marshall  University  School  of 
Medicine  Institutional  Animal  Care  and  Use  Committee. 
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Study  design 

Mice  were  quarantined  for  2  weeks,  and  then  moved  to  a 
study  room.  SV129  females  were  split  into  2  groups  and 
numbered  for  identification.  Ten  female  mice  were  placed 
on  a  diet  containing  10%  w/w  corn  oil  (control  diet,  see 
below)  and  ten  female  mice  were  placed  on  a  diet  contain¬ 
ing  10%  w/w  canola  oil  (test  diet).  After  2  weeks  these 
females  were  bred  with  homozygous  C3(l)/TAg  male 
mice.  The  hemizygous  female  pups  from  these  breedings 
were  the  experimental  mice  NOT  the  wild  type  mother 
mice.  Pups  were  weaned  at  21  days  old  and  placed  on  the 
corn  oil  containing  diet,  generating  two  experimental 
groups:  corn/corn  (CO/CO)  and  canola/corn  (CA/CO) 
(the  first  diet  is  the  maternal  diet,  the  second  diet  is  the 
pup’s  diet).  Only  the  maternal  diet  of  the  CA/CO  group 
contained  canola  oil  not  the  diet  of  the  experimental  pups. 
The  offspring  were  housed  3  to  4  in  a  cage,  individually 
numbered  for  identification,  and  weighed  weekly. 

Diet 

Diets  were  prepared  in  the  Marshall  University  School 
of  Medicine  animal  diet  prep  room.  Diet  composition  is 
shown  in  Table  1  and  was  formulated  to  be  isocaloric, 
isonutrient  and  more  relevant  to  human  consumption 
than  the  high  fat  diets  used  in  many  studies.  (If  a  Wes¬ 
tern  diet  contains  about  14.7  g  of  LA/day  [23]  the  cal¬ 
ories  from  LA  are  6.6%  of  a  2000  calorie  diet.  The  10% 
corn  oil  mouse  diet  contained  10.9%  of  calories  from 
LA.)  The  AIN-76A  diet  is  adequate  for  the  nutritional 
support  of  the  mice  [26].  The  dry  ingredients  of  the 
diet,  except  sugar,  were  obtained  in  bulk  from  MP 


Table  1  Composition  of  the  diets 


Ingredient 

%  of  wt 

Amount/100  g 

Calories/100  g 

Casein  (protein) 

20% 

20  g 

80 

Sucrose 

45% 

45  g 

180 

Corn  starch 
(carbohydrate) 

15% 

15  g 

60 

Alphacel  (fiber) 

5% 

5g 

0 

Choline  bitartrate 

0.2% 

0.2  g 

0 

DL-methionine 

0.3% 

0.3  g 

0 

Mineral  mix 

3.5% 

3.5  g 

0 

Vitamin  mix 

1.0% 

i  g 

0 

Oil  (fat)  either  corn 
oil  or  canola  oil 

10% 

10  g 

90 

Total 

100% 

100  g 

410 

Total  fat 

90  g 

90 

Total  protein 

80  g 

80 

Total  carbohydrate 

60  g 

240 

The  AIN-76A  was  slightly  modified  to  contain  10%  w/w  corn  oil  (control  diet) 
or  10%  w/w  canola  oil  (test  diet).  Control  and  canola  diets  were  balanced  for 
calories,  nutrients,  protein,  fat  and  carbohydrate.  The  AIN-76A  diet  is  adequate 
for  growth  and  nutrition  of  mice. 


Biomedicals  (Solon,  Ohio),  sugar  and  oil  were  purchased 
locally  (100%  canola  oil  or  100%  corn  oil,  no  additives 
or  preservatives).  Batches  of  diet  were  prepared  as 
needed,  about  each  two  weeks.  The  diet  mixture  was 
pressed  into  trays  and  cut  into  small  squares.  Individual 
cage  sized  portions  (25-30  g)  were  stored  in  sealed  con¬ 
tainers  at  -20°C  to  prevent  oxidation  of  the  fat  and  bac¬ 
terial  growth  in  the  food.  Mice  had  free  access  to  food 
and  water  and  were  fed  fresh  food  5  days  per  week. 
Food  removed  from  cages  was  discarded. 

Transgene  copy  number 

Real  time  PCR  was  used  to  verify  the  presence  of  the 
transgene  in  all  experimental  pups.  Ear  punches  (two  2 
mm  punches,  stored  at  -20°C  until  processing)  were 
digested  in  digestion  buffer  [50  mM  KC1,  1.5  mM 
MgCl2,  10  mm  Tris  pH  8.5,  0.01%  Gelatin,  0.45%  NP- 
40,  0.45%  Tween  20  containing  140  mg/ml  proteinase  K 
(Shelton  Scientific,  Shelton,  CN)],  followed  by  dilution 
of  the  samples  1:40  in  milliQ  water  (Milli-Q  Advantage, 
Millipore,  Massachusettes).  Primers  for  the  transgene 
(SV40  foward:  ATA  TGC  CTT  CAT  CAG  AGG  AAT 
ATT  C;  SV40  reverse:  TAA  AGT  TTT  AAA  CAG  AGA 
GGA  ATC  TTT  GC)  and  the  VIC  labeled  SV40PROBE 
(VICCCC  AGG  CAC  TCC  TTT  CAA  GAC  CTA  GAA 
GGMGBNFQ)  were  purchased  from  Applied  Biosystems 
(Foster  City,  CA).  Beta-actin  primers  and  FAM  labeled 
probe  (for  an  internal  control)  and  PCR  Master  Mix 
were  also  purchased  from  Applied  Biosystems.  The 
rtPCR  assay  was  performed  according  to  the  Applied 
Biosystems  instructions  on  an  ABI  Prism  7000  (Applied 
Biosystems,  Foster  City,  CA)  instrument. 

Tumor  growth  rates,  incidence,  multiplicity  and  weight 

Mice  were  palpated  for  tumors  3  times  weekly  from  90 
days  of  age.  Lengths  and  widths  of  palpable  tumors  were 
measured  from  the  time  of  detection  until  euthanasia  to 
estimate  tumor  volumes.  Tumor  volume  was  estimated 
using  the  formula:  (Length  x  Width  x  Width)/2.  Prism® 
software  (Graphpad,  Inc.,  La  Jolla,  CA)  was  used  to  plot 
tumor  growth  curves  and  for  regression  analyses 
to  determine  the  growth  rate  of  each  palpable  tumor. 
A  T-test  was  then  used  to  compare  the  mean  tumor 
growth  rates  between  groups  of  mice. 

Total  tumor  incidence,  multiplicity  and  weights  were 
determined  at  necropsy.  The  differences  between  groups 
and  across  time  were  statistically  analyzed  by  two  way 
analyses  of  variance,  T-test,  Fisher  exact  test  or  Mann- 
Whitney  test  as  appropriate  using  Prism®  software. 

Necropsy 

Mice  were  euthanized  at  21,  110,  130,  150  and  170  days 
of  age.  Twenty  one  days  of  age  was  the  time  of  weaning. 
The  earliest  time  for  tumors  was  expected  to  be  110 
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days  of  age,  mice  were  euthanized  each  20  days  there¬ 
after  to  follow  the  increase  in  tumor  incidence  and  mul¬ 
tiplicity.  The  left  4th  mammary  gland  was  quickly 
removed  and  frozen  in  liquid  nitrogen.  All  ten  mam¬ 
mary  glands  were  examined  for  the  presence  of  a  tumor 
1  mm  or  larger.  All  tumors  detected  were  measured, 
removed  and  weighed,  thus  total  tumor  weight  and 
numbers  includes  many  tumors  that  were  too  small  to 
be  detected  by  palpation.  If  tumor  was  large  enough  for 
further  assay,  it  was  flash  frozen  in  liquid  nitrogen.  The 
number  of  tumors  in  each  gland  and  the  number  of 
glands  with  tumor  were  recorded  for  every  mouse.  Sam¬ 
ples  of  inguinal  fat  and  liver  were  removed  and  frozen 
in  liquid  nitrogen  until  further  analyses. 

Body  weights 

Body  weights  were  measured  each  week  and  terminally. 
Statistical  differences  in  mean  body  weight  change 
between  groups  were  determined  using  a  T-test  and 
Prism  (Graphpad,  Inc)  software. 

Gas  chromatography 

The  fatty  acid  compositions  of  mammary  glands  and 
liver  at  3  weeks  of  age  and  130  days  of  age  were  ana¬ 
lyzed  by  gas  chromatography.  Frozen  tissues  were 
thawed  and  homogenized  in  distilled  water  containing 
0.1%  BHT  to  prevent  oxidation  of  the  fatty  acids.  Lipids 
were  extracted  with  chloroform/methanol,  the  fatty 
acids  were  methylated  followed  by  separation  and  iden¬ 
tification  using  gas  chromatography,  as  previously 
described  [7].  Gas  chromatography  was  done  using  a 
PerkinElmer  Clarus  500  Gas  Chromatograph  (Shelton, 
CT)  with  a  Elite-5  (5%  Diphenyl)  Dimethyl-polisiloxane 
Series  Capillary  Column  (Length:  30  m,  Inner  Diameter: 
0.25  mm),  under  the  following  conditions:  initial  tem¬ 
perature  150°C,  ramp  1  at  175°C  for  15  min,  ramp  2  at 
225°C  for  50  min,  ramp  3  at  250°C  for  10  min,  helium 
carrier  gas  flow  rate  of  1.60  ml/min.  Fatty  acid  methyl 
ester  standards  (Nu-Chek-Prep,  Elysian,  MN)  were  used 
for  peak  identification.  For  a  better  identification  of  the 
peaks  two  standards  were  used:  GLC  #464  which 
contains  52  fatty  acids  and  a  custom  preparation, 
GLC  #704,  which  contains  10  fatty  acids,  methyl  esters 
of  stearate,  oleate,  linoleate,  alpha  linolenate,  gamma 
linolenate,  homogamma  linolenate,  arachidonate,  eicosa- 
pentaenoate,  docosapentaenoate,  and  docosahexaenoate. 
The  fatty  acid  methyl  esters  were  reported  as  the  per¬ 
cent  of  the  total  methylated  fatty  acids  (area  under  the 
curve).  Using  this  protocol  and  column,  we  could  not 
clearly  separate  the  oleic  acid  (18:ln-9)  and  alpha  linole- 
nic  acid  (ALA  18:3n-3)  peaks  thus  we  report  these 
results  as  18:1  +  18:3  ALA.  However,  the  differences  in 
the  peaks  due  to  diet  should  be  mostly  ALA  since  it  is 
the  dietary  ALA  that  was  altered.  A  T-test  was  used  to 


determine  statistical  differences  of  individual  fatty  acids 
between  dietary  groups. 

Gene  expression  assay 

The  Mouse  Signal  Transduction  Pathway  Finder™  RT2 
Profiler"'  PCR  Array,  PAMM-014  (SuperArray  Bioscience 
Corporation,  Frederick,  MD)  was  used  to  analyze  the 
expression  of  genes  in  3-4  mammary  glands  per  group  at 
130  days  of  age  mice.  (The  complete  list  of  genes  on  the 
plate  can  be  found  at  http://www.sabiosciences.com/ 
rt_pcr_product/HTML/PAMM-014A.html.)  Frozen  tissue 
was  homogenized  in  Tri  Reagent  (Sigma-Aldrich,  St. 
Louis,  Mo)  following  the  protocol  of  the  manufacturer  to 
isolate  the  RNA.  RNA  quality  control  was  performed  for 
all  samples  to  insure  the  purity  and  integrity  of  the  RNA 
on  an  Agilent  2100  Bioanalyzer  (Santa  Clara,  CA).  The 
RT2  First  Strand  Kit  was  used  to  make  cDNA;  the  cDNA 
was  then  quantitatively  amplified  by  real  time  PCR  using 
an  ABI  Prism  7000  (Applied  Biosystems,  Foster  City,  CA) 
and  RT2  qPCR  Master  Mix  (Superarray)  according  to  the 
manufacturer’s  protocol.  The  protocol  and  software  pro¬ 
vided  by  SuperArray  were  followed  to  determine  relative 
fold  difference  in  gene  expression  using  the  AAct  method 
and  for  statistical  analyses  of  the  data  by  T-test. 

Immunoblot  analysis 

Frozen  mammary  gland  tissues  were  homogenized  in 
tissue  extraction  buffer  (50  mM  Tris,  pH  7.4,  250  mM 
NaCl,  5  Mm  EDTA,  2  mM  Na3V04,  1  mM  NaF,  20 
mM  Na4P207,  0.02%  NaN3  and  proprietary  detergent) 
from  BioSource  International,  Inc.  at  4°C  to  prepare 
cell  lysates.  Protein  concentration  was  determined  by 
BCA  protein  Assay  Kit  (EMD  Biosciences,  Inc.  Darm¬ 
stadt,  Germany)  following  the  manufacturer’s  protocol. 
Ten  micrograms  of  protein  were  applied  to  each  lane 
of  a  4-15%  Tris-HCl  polyacrylamide  gradient  gel  (Bio- 
Rad,  Hercules,  CA),  separated  by  electrophoresis  and 
then  transferred  onto  a  nitrocellulose  membrane.  The 
blots  were  blocked  with  5%  BSA  in  TBST  overnight  at 
4°C  and  probed  with  primary  antibodies  against 
[CCAAT-enhancer  binding  proteins  P  (C/EBPP)  (Santa 
Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA),  fatty  acid 
synthase  (Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz, 
CA),  glyceraldehyde  3  phosphate  dehydrogenase 
(GAPDH)  (CHEMICON  International,  Billerica,  MA) 
or  cytokeratin  8  (Santa  Cruz  Biotechnology,  Inc.,  Santa 
Cruz,  CA,)]  in  blocking  buffer  for  1  hour  at  room  tem¬ 
perature.  The  membrane  was  thereafter  incubated  with 
antimouse  (Santa  Cruz  Biotechnology,  Inc.)  secondary 
antibody  horseradish  peroxidase  (HRP)  conjugate  fol¬ 
lowed  by  signal  detection  with  chemiluminescence 
(ECL  Kit,  PIERCE,  Inc.).  Densitometry  was  used  to 
quantify  bands.  A  ChemDoc  XRS  system  (Bio-Rad 
Laboratories  Inc.,  Hercules,  CA)  was  used  to  acquire 
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the  image  then  image  analysis  was  done  using  ‘Quan¬ 
tity  One’  software,  V.  4.5.2  (Bio-Rad  Laboratories  Inc., 
Hercules,  CA).  Data  was  normalized  by  cytokeratin 
(for  size  of  the  epithelial  compartment)  and  by 
GAPDH  (for  protein  loading). 

Results 

Group  nomenclature 

Groups  will  be  referred  to  as:  1)  CO/CO  -  mothers  fed 
the  10%  corn  oil  diet,  pup  weaned  to  the  10%  corn  oil 
diet  or  2)  CA/CO  -  mothers  fed  the  10%  canola  oil  diet, 
pups  weaned  to  the  10%  corn  oil  diet.  Pups  were  NOT 
exposed  to  the  10%  canola  oil  diet  after  weaning. 

Body  weight  gain 

Mice  were  allowed  free  access  to  food.  There  was  no 
difference  due  to  maternal  diet  in  the  amount  of  weight 
gained  between  weaning  and  170  days  of  age  by 
the  groups  of  experimental  mice  (p  =  0.95  by  T-test). 
Figure  1  shows  the  mean  amount  of  weight  gained  per 
mouse  per  day  from  weaning  until  170  days. 

Diet  influence  on  tissue  lipid  composition 

The  lipid  compositions  of  the  livers  and  mammary 
glands  at  21  and  130  days  of  age  are  shown  in  Table  2. 

At  21  days  of  age  (the  time  of  weaning),  both  the 
livers  and  the  mammary  glands  of  pups  from  the  CA 
mothers  contained  significantly  less  (p  <  0.05  by  T-test) 
of  the  n-6  PUFA  (LA  and  AA)  than  the  livers  and  mam¬ 
mary  glands  of  pups  from  the  CO  mothers. 

At  21  days  of  age,  the  livers  of  pups  from  the  CA 
mothers  contained  significantly  more  (p  <  0.05  by 
T-test)  of  the  n-3  PUFA,  ALA,  and  significantly  more 
(p  <  0.05  by  T-test)  of  the  products  of  ALA  metabolism, 
EPA  and  DHA  than  the  livers  of  pups  from  the  CO 
mothers.  The  only  source  of  the  omega  3  bond  was  the 
ALA  in  the  canola  oil.  Thus,  the  ALA  in  the  canola  oil 
was  effectively  elongated  and  desaturated  to  the  longer 
chain  omega  3  PUFAs,  EPA  and  DHA,  for  incorporation 
into  lipids  in  the  liver. 

At  21  days  of  age,  the  mammary  glands  of  pups  from 
the  CA  mothers  contained  significantly  more  (p  <  0.05 
by  T-test)  ALA  and  DPA  than  the  pups  from  the  CO 
mothers.  The  content  of  the  longer  chain  fatty  acids: 
AA,  EPA,  DHA  and  DPA  in  the  mammary  glands  of 
both  groups  was  less  that  1%  each  indicating  less  incor¬ 
poration  of  long  chain  fatty  acids  or  less  activity  of  elon¬ 
gation  and  desaturation  enzymes  in  the  mammary 
glands  than  in  the  liver. 

All  mice  were  fed  the  corn  oil  diet  from  21  to  130  days 
of  age.  At  130  days  of  age  the  livers  of  the  CA/CO  group 
still  contained  significantly  more  (p  <  0.05  by  T-test)  ALA 
(n-3  PUFA)  and  significantly  less  (p  <  0.05  by  T-test)  AA 
(n-6  PUFA)  than  the  CO/CO  group.  The  LA,  ALA,  and 


Body  weight  gain/day 


Figure  1  Mean  body  weight  gain  between  21  and  130  days  of 

age.  Body  weight  gain  between  21  and  130  days  of  age  was 
determined  for  each  mouse.  There  was  no  significant  difference 
between  the  two  groups  in  body  weight  gain  between  weaning 
(21  days)  and  130  days  of  age.  CO/CO  n  =  14;  CA/CO  n  =  17  mice, 
p  =  0.95  by  T-test. 

\ _ _ _ y 

AA  in  the  mammary  glands  of  the  two  groups  were  not 
different.  EPA,  DHA  and  DPA  were  almost  undetectable 
in  the  mammary  glands  at  130  days  of  age,  though  the 
small  differences  between  groups  for  EPA  and  DPA  were 
statistically  significant.  Both  EPA  and  DHA  were  signifi¬ 
cantly  less  (p  <  0.05  by  T-test)  in  the  mammary  glands  of 
the  CA/CO  than  in  the  CO/CO  group. 

Effect  of  maternal  consumption  of  canola  oil  instead  of 
corn  oil  on  tumor  multiplicity,  incidence  and  growth 

The  total  number  of  tumors  and  the  tumor  weight  per 
mouse  were  assessed  in  C3(1)TAG/129  female  offspring 
at  110,  130,  150,  170  days  of  age.  The  presence  of  the 
transgene  was  confirmed  in  all  pups  used  in  the  experi¬ 
ment  (data  not  showed). 

Incidence 

At  110  days  of  age,  no  mice  had  tumors.  The  tumor 
incidence  (whether  or  not  a  mouse  has  a  tumor)  at  130 
days  of  age  is  shown  in  Figure  2A.  The  tumor  incidence 
of  the  CA/CO  group,  (4/17  or  23%)  was  not  quite 
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Table  2  Major  omega  6  and  omega  3  fatty  acids  in 
tissues  of  mice. 


Liver  21  days 

Fatty  acid 

Corn  oil  diet 

Canola  diet 

p  value 

18:2  LA 

1 7.35  ±  1 .22 

12.10  ±  0.90 

<0.0001* 

18:1+18:3  ALA 

9.59  ±  2.16 

20.29  ±  2.04 

<0.0001* 

20:4  AA 

18.40  ±  1.60 

1 0.08  ±  0.57 

<0.0001* 

20:5  EPA 

0.09  ±  0.02 

1 .39  ±  0.20 

<0.0001* 

22:6  DHA 

5.04  ±  0.81 

11.22  ±  0.46 

<0.0001* 

22:5  DPA 

0.64  ±  0.08 

0.53  ±  0.06 

0.023* 

Liver  130  days 

18:2  LA 

23.96  ±  2.74 

22.91  ±  0.93 

0.5565 

18:1+18:3  ALA 

18.19  ±  2.47 

24.14  ±  1.01 

0.0289* 

20:4  AA 

1 3.82  ±  0.46 

1 0.33  ±  0.49 

0.0041* 

20:5  EPA 

0.045  ±  0.04 

0.10  ±  0.04 

0.2382 

22:6  DHA 

5.37  ±  0.49 

3.83  ±0.17 

0.0127* 

22:5  DPA 

0.315  ±  0.04 

0.24  ±  0.03 

0.0817 

Mammary  gland  21  days 

18:2  LA 

26.25  ±  1 .32 

6.74  ±  1 .99 

0.0000* 

18:1+18:3  ALA 

29.26  ±  0.70 

50.99  ±  1 .98 

0.0000* 

20:4  AA 

0.67  ±  0.12 

0.31  ±  0.11 

0.0043* 

20:5  EPA 

0.06  ±  0.01 

0.08  ±  0.05 

0.4050 

22:6  DHA 

0.08  ±  0.02 

0.02  ±  0.01 

0.0008* 

22:5  DPA 

0.01  ±  0.01 

0.06  ±  0.03 

0.0124* 

Mammary  gland 

1 30  days 

1 8:2  LA 

37.15  ±  0.78 

35.77  ±  2.30 

0.2879 

18:1+18:3  ALA 

0.40  ±  0.01 

0.38  ±  0.03 

0.1996 

20:4  AA 

0.13  ±  0.01 

0.1 1  ±  0.03 

0.3218 

20:5  EPA 

0.02  ±  0.01 

0.00  ±  0.00 

0.0000* 

22:6  DHA 

0.01  ±  0.00 

0.01  ±  0.01 

0.2415 

22:5  DPA 

0.02  ±  0.00 

0.00  ±  0.00 

0.0000* 

^values  in  row  are  significantly  different  by  T-test 

The  percents  of  assayed  fatty  acids  of  liver  and  mammary  gland  at  21  and 
130  days  old  are  shown.  The  results  of  T-tests  between  each  pair  of 
treatments  for  each  tissue  and  time-point  are  shown,  n  =  3  to  5  mice  per  diet 
per  time  point.  A  p  <  0.05  is  taken  to  be  statistically  significant  and  is  further 
indicated  by  an  * 

significantly  less  (p  =  0.1)  by  Fisher’s  exact  test  than  the 
tumor  incidence  of  the  CO/CO  group,  (7/14  or  50%). 
At  150  and  170  days  of  age,  all  mice  had  at  least  one 
tumor,  thus  the  tumor  incidence  was  100%. 

Multiplicity 

Since  these  mice  all  bear  a  tumor  promoting  transgene, 
all  mice  are  expected  to  develop  tumors  at  some  point. 
As  shown  in  Figure  2B,  the  tumor  multiplicity  (number 
of  tumors  per  mouse)  at  130  days  of  age  was  signifi¬ 
cantly  less  (p  <  0.001  by  Mann- Whitney)  in  the  CA/CO 
group  than  in  the  CO/CO  group.  Even  at  170  days  of 
age,  Figure  3A,  the  multiplicity  of  tumors  in  the  CA/CO 
group  was  slightly  less  than  in  the  CO/CO  group. 
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Tumor  incidence 
at  130  days 


Tumors  per  mouse 
at  130  days 
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T umor  weight  per  mouse 
at  130  days 


Figure  2  Tumor  incidence  and  multiplicity  at  130  days  of  age 

A.  Tumor  incidence  (fraction  of  mice  with  any  tumor)  at  130  days 
of  age  was  not  quite  significantly  different  due  to  the  diet  of  the 
mother.  CO/CO  -  7  of  14  mice  had  tumors,  CA/CO  -  4  of  17  mice 
had  tumors.  Fisher's  exact  test,  p  =  0.1.  B.  Tumor  multiplicity,  the 
mean  number  of  tumors  per  mouse  at  130  days  of  age.  There  were 
significantly  fewer  tumors  per  mouse  by  Mann-Whitney,  p  <  0.001. 
CO/CO  n  =  14  mice:  CA/CO  n  =  17  mice.  C.  The  total  tumor  weight 
per  mouse  was  not  quite  significantly  less  in  the  CA/CO  group  than 
in  the  CO/CO  group,  p  =  0.15  by  Mann-Whitney  test.  CO/CO  n  =  14 
mice:  CA/CO  n  =  17  mice. 
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Total  tumor  weight 

The  total  tumor  weight  per  mouse,  calculated  from 
autopsy  data,  indicates  a  difference  in  tumor  burden  due 
to  the  diet  of  the  mother  during  gestation  and  lactation 
of  the  offspring.  At  130  days  of  age,  Figure  2-C,  the 
tumor  weight  in  the  CA/CO  group  was  not  quite  signifi¬ 
cantly  less  (p  =  0.15  by  Mann- Whitney)  than  that  of  the 
CO/CO  group.  By  170  days  of  age,  Figure  3-B,  the 
tumor  weight  per  mouse  (due  to  both  fewer  tumors/ 
mouse  and  slower  growth  of  tumors  that  developed)  in 
the  CA/CO  group  was  significantly  less  (p  =  0.02  by 
Mann- Whitney)  than  that  of  the  CO/CO  group. 

Tumor  growth  rate 

The  mean  tumor  growth  rates,  calculated  from 
measured  tumor  growth  of  11  tumors  for  the  CO/CO 
group  and  8  tumors  for  the  CA/CO  group,  are  shown 
in  Figure  3C.  Linear  regression  analyses  were  used  to 
determine  the  growth  rate  of  each  tumor  (data 
not  shown).  A  T-test  of  the  tumor  growth  rates 
showed  that  the  mean  tumor  growth  rates  were  slower 
in  the  CA/CO  group  but  not  quite  significantly 
different,  p  =  0.11. 

Number  of  glands  with  tumor 

The  number  of  glands  with  tumor  at  each  time  point  is 
illustrated  in  Figure  4.  Two  way  analysis  of  variance 
revealed  that  there  were  significant  effects  due  to  both 


(  \ 

Glands  with  tumor/mouse 


Age  (days) 

Figure  4  Glands  with  tumor  per  mouse  with  time  Two  way 

analyses  of  variance  showed  that  the  number  of  glands  with  tumor 
per  mouse  with  time  was  significantly  different  due  to  treatment 
(p  =  0.02)  and  to  time  (p  =  0.0001).  Consumption  of  the  canola  oil 
containing  diet  by  the  mothers  of  these  mice  significantly 
decreased  the  number  of  glands  with  tumor.  As  expected,  with 
time  the  number  of  glands  with  tumor  increased  in  both  groups. 
Number  of  mice  per  group  at  110,  130,  150  and  170  days  of  age 
are:  CO/CO  -  14,  14,  5,  9,  and  CA/CO  -  6,  17,  7,  11  respectively. 

s _ 2 
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Table  3  Genes  expression  in  mammary  glands  at  130  days  of  age. 


Gene  name 

Symbol 

Fold  change  CA/CO  vs  CO/CO 

Bcl2-associated  X  protein 

Bax 

22.71 

B-cell  leukemia/lymphoma  2 

Bcl2 

4.01 

Bcl2-like  1 

Bd2l1 

-9.92 

Baculoviral  IAP  repeat-containing  3 

Birc3 

-2.35 

Breast  cancer  1 

Brcal 

-2.35 

Chemokine  (C-C  motif)  ligand  2 

Ccl2 

-2.25 

Cyclin-dependent  kinase  inhibitor  2A 

Cdkn2a 

6.36 

CCAAT/enhancer  binding  protein  (C/EBP),  beta 

Cebpb 

550.65 

Chemokine  (C-X-C  motif)  ligand  9 

Cxcl9 

2.02 

Early  growth  response  1 

Egrl 

13.13 

Etoposide  induced  2.4  mRNA 

Ei24 

-2.15 

Engrailed  1 

Enl 

3.48 

Fatty  acid  synthase 

Fasn 

-7.09 

Fibronectin  1 

Fnl 

-442 

Hedgehog-interacting  protein 

Hhip 

-2.58 

Hexokinase  2 

Hk2 

4.63 

Homeo  box  Al 

Hoxal 

-2.07 

Intercellular  adhesion  molecule 

Icaml 

-2.05 

Insulin-like  growth  factor  binding  protein  3 

Igfbp3 

-2.51 

Inhibitor  of  kappaB  kinase  beta 

Ikbkb 

-3.13 

Interleukin  1  alpha 

Ilia 

-2.06 

Interleukin  2  receptor,  alpha  chain 

Il2ra 

-3.33 

Interleukin  4  receptor,  alpha 

:il4ra 

-2.19 

Lymphoid  enhancer  binding  factor  1 

Lefl 

-3.02 

Lymphotoxin  A 

Lta 

-3.19 

Matrix  metallopeptidase  10 

MmpIO 

2.87 

Matrix  metallopeptidase  7 

Mmp7 

2.97 

Ngfi-A  binding  protein  2 

Nab2 

-4.71 

Nitric  oxide  synthase  2,  inducible,  macrophage 

Nos2 

-3.31 

Patched  homolog  1 

Ptchl 

-3.32 

Transcription  factor  7,  T-cell  specific 

Tcf7 

2.53 

Telomerase  reverse  transcriptase 

Tert 

-2.55 

Transferrin  receptor 

Tfrc 

-2.04 

Transmembrane,  prostate  androgen  induced  RNA 

Tmepai 

-2.52 

Tumor  necrosis  factor 

Tnf 

-5.27 

Transformation  related  protein  53 

Trp53 

-2.74 

Vascular  cell  adhesion  molecule  1 

Vcaml 

-3.16 

Wingless-related  MMTV  integration  site  2 

Wnt2 

-2.24 

Mice  were  exposed  to  maternal  consumption  of  either  corn  or  canola  oil  diets.  Real  time,  reverse  transcriptase  PCR  was  performed  to  determine  mRNA 
abundance  in  mammary  glands  of  experimental  mice  at  130  days  of  age.  Genes  with  greater  than  2  fold  differences  in  mRNA  abundance,  of  the  genes  analyzed 
(see  methods),  are  shown.  To  better  differentiate  differences,  results  of  genes  with  increased  expression  in  the  CA/CO  group  are  shifted  to  the  left,  results  of 
genes  with  decreased  expression  in  the  CA/CO  group  are  shifted  to  the  right. 


diet  and  time.  The  number  of  glands  with  tumor  was 
significantly  less  in  the  CA/CO  group  than  in  the  CO/ 
CO  group,  p  =  0.02,  and  as  expected,  the  number  of 
glands  with  tumor  was  significantly  increased  with  time, 

p  <  0.0001. 


Taken  together,  these  data  indicate  that  maternal  con¬ 
sumption  of  canola  oil  delayed  appearance  of  tumors  in 
these  transgenic  mice  and  slowed  the  growth  rate  of  the 
tumors  that  arose,  resulting  in  significantly  reduced 
tumor  burden  at  170  days  of  age. 
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Effect  of  maternal  diet  on  gene  and  protein  expression  at 
130  days  of  age 

Analysis  of  expression  of  genes  involved  in  multiple  cell 
signaling  pathways  in  mammary  glands  of  mice  at  130 
days  of  age  was  used  to  identify  potential  mechanisms 
for  how  maternal  consumption  of  canola  oil  might  slow 
mammary  gland  tumorigenesis  in  C3(1)TAG/129  mice 
offspring.  We  chose  this  time  point  since  at  130  days  of 
age  there  were  mammary  glands  without  tumor  in  each 
group  so  that  changes  in  gene  expression  due  to  the 
maternal  diet  but  not  those  due  to  the  presence  of  a 
tumor  could  be  assessed.  A  priori,  we  did  not  know 
which  signal  transduction  pathway(s)  might  be  impor¬ 
tant  for  any  alterations  in  tumor  development.  The 
Mouse  Signal  Transduction  Pathway  Finder™  reverse 
transcriptase,  real  time  PCR  (rtPCR)  panel  profiles  the 
expression  of  84  key  genes  representative  of  18  different 
signal  transduction  pathways.  The  CO/CO  group  was 
the  control  group,  the  CA/CO  group  was  the  experi¬ 
mental  group  for  analysis.  The  presence  of  the  large 
T  antigen  protein  in  each  mammary  gland  was  con¬ 
firmed  by  Western  Blot  (data  not  shown). 

Table  3  presents  genes  that  were  analyzed  and  found 
to  be  at  least  2  fold  different  between  the  two  groups  at 
130  days  of  age.  Differences  in  gene  expression  between 
groups  at  130  days  of  age  must  be  due  to  sustained 
gene  expression  changes  induced  by  the  maternal  diet 
since:  1)  both  groups  were  weaned  to  the  same  diet  109 
days  previously  and  2)  there  are  only  very  small  differ¬ 
ences  in  fat  composition  in  the  mammary  gland  at  130 
days  of  age  and  these  differences  do  not  support  the 
notion  that  increased  n-3  PUFA  in  the  CA/CO  group  is 
influencing  gene  expression.  The  possible  significances 
of  some  of  the  changes  in  gene  expression  are  presented 
in  the  discussion. 

The  differences  in  mRNA  should  be  reflected  in 
changes  in  protein  abundance.  Figure  5  illustrates  the 
results  of  Western  blot  for  two  genes  of  interest,  fatty 
acid  synthase  (Fas)  and  CCAAT/enhancer  binding  pro¬ 
tein  P  (C/EBPP).  The  mouse  mammary  gland  contains  a 
high  percentage  of  adipocyte  as  well  as  the  epithelial 
cells  that  form  cancer,  thus,  the  protein  change  was  nor¬ 
malized  by  the  size  of  the  epithelial  cell  compartment  in 
the  specimen,  using  cytokeratin,  and  for  protein  loading 
using  GAPDH.  Compared  to  the  CO/CO  group,  at  130 
days  of  age,  Fas  protein  was  significantly  less  in  the  CA / 
CO  group  whereas  C/EBPp  protein  was  increased  in  the 
CA/CO  group. 

Discussion 

The  results  of  this  study  indicate  that  incorporation  of 
canola  oil  in  the  maternal  diet  delayed  the  development 
of  mammary  gland  cancer  in  this  transgenic  mouse 
model.  The  mice  exposed  to  canola  oil  during  gestation 
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Figure  5  Results  of  protein  analyses  for  fatty  acid  synthase 
(Fas)  and  CCAAT/enhancer  binding  protein  (C/EBP),  beta  at 
1 30  days  of  age.  Western  blot  for  fatty  add  synthase  showed  that 
Fas  protein  was  significantly  less  (p  =  0.02  by  T-test,  n  =  3/group) 
and  that  C/EBP,  p  was  not  quite  significantly  higher  (p  =  0.06  by  T- 
Test,  n  =  3/group)  in  mammary  glands  of  CA/CO  mice  than  in  CO/ 
CO  mice  at  130  days.  Values  shown  are  relative  density  and  have 
been  corrected  for  protein  loading  (GAPDH)  and  for  cytokeratin  (to 
correct  for  the  epithelial  compartment  of  the  assayed  sample). 


and  lactation  had  significantly  fewer  tumors  per  mouse 
and  the  tumor  incidence  was  1/2  that  of  the  control 
mice  at  130  days  of  age.  By  170  days  of  age  the  canola 
exposed  mice  had  almost  as  many  tumors  as  the  control 
mice.  However,  since  the  growth  rate  of  the  tumors  that 
developed  in  the  canola  oil  exposed  mice  was  about  1/2 
that  of  the  control  mice  and  the  appearance  of  tumors 
was  delayed,  the  tumor  burden  (tumor  weight)  in  the 
canola  exposed  mice  at  170  days  of  age  was  significantly 
less  than  that  of  the  control  mice.  If  these  results  can  be 
extrapolated  to  humans  they  are  important  for  2  rea¬ 
sons:  1)  incorporation  of  canola  oil  in  the  diet  is  an  easy 
dietary  change  for  humans  to  make  and  2)  the  maternal 
diet  can  have  a  life-long  influence  on  development  of 
breast  cancer  in  the  daughter. 

Epidemiologic  studies  can  be  interpreted  to  support 
the  notion  that  the  maternal  diet  can  influence  breast 
cancer  risk  in  the  daughter.  When  Chinese,  Japanese  or 
Filipino  women  migrate  to  the  United  States,  breast  can¬ 
cer  rates  rise  over  two  generations  to  approach  that  of 
US  women  [27].  Breast  cancer  incidence  in  first  genera¬ 
tion  migrants  (who  consumed  a  Western  diet  but  whose 
mothers  consumed  the  traditional  diet)  was  increased 
almost  3  fold  over  that  of  the  Asian-born  mother,  but 
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was  still  lower  than  that  of  the  general  Western  popula¬ 
tion,  indicating  that  there  remained  some  protection 
from  breast  cancer  due  to  the  mother’s  traditional  diet. 
In  second  generation  migrants,  whose  mothers  con¬ 
sumed  a  Western  diet  during  gestation  and  lactation  of 
the  daughter,  breast  cancer  risk  was  5-fold  higher  than 
the  breast  cancer  risk  for  the  Asian  born  grandmother 
[28]  and  was  the  same  as  the  general  Western 
population. 

What  could  explain  the  benefit  of  exposure  to  mater¬ 
nal  consumption  of  the  omega  3  fatty  acids  in  canola 
oil?  The  fatty  acid  composition  of  the  mammary  glands 
was  different  between  the  two  groups  at  21  days  of  age, 
but  by  130  days  of  age  there  were  no  real  differences  in 
fatty  acid  composition.  However,  at  130  days  of  age, 
there  were  significant  differences  in  gene  expression  in 
the  mammary  glands  of  these  mice.  The  PCR  array  that 
we  chose  assays  mRNA  abundance  in  84  key  genes 
representative  of  18  different  signal  transduction  path¬ 
ways  that  are  important  to  the  development  of  cancer. 
We  found  that  there  were  multiple  differences  in  gene 
expression  between  the  2  groups  of  mice  when  the  mice 
were  130  days  of  age,  109  days  after  the  last  exposure  to 
the  diet  that  contained  canola  oil. 

Among  the  differential  changes  that  were  of  special 
interest  was  the  large  increase  in  CEBP|3(CCAAT/ 
enhancer  binding  protein  P)  mRNA.  Western  blot  con¬ 
firmed  that  the  mRNA  was  being  translated  to  protein 
and  that  the  quantity  of  protein  was  higher  in  the  CA/ 
CO  group.  CEBPp  is  a  leucine  zipper  transcription  fac¬ 
tor.  The  expression  of  CEBPp  in  the  liver  has  been 
shown  to  respond  to  dietary  changes  [29].  Homodimers 
and  heterodimers  of  CEBPp  initiate  transcription  of 
multiple  factors  involved  in  proliferation,  differentiation 
and  apoptosis  in  the  mammary  gland  [30].  Multiple  iso¬ 
forms  of  the  protein,  (including  some  that  are  dominant 
negatives)  may  be  generated  by  truncation  or  proteolysis 
of  the  CEBPp  transcript  [31].  Slowed  proliferation  and 
increased  differentiation  could  result  in  reduced  tumor 
incidence  while  promotion  of  apoptosis  could  slow 
tumor  growth.  These  mechanisms  are  supported  by  the 
phenotypic  data  however  the  exact  meaning  of  increased 
CEBPp  expression  in  the  mammary  gland  in  this  model 
will  require  additional  study. 

The  7  to  8  fold  decrease  of  fatty  acid  synthase  mRNA 
and  significant  decrease  in  fatty  acid  synthase  protein  by 
maternal  consumption  of  the  canola  oil  diet  is  particu¬ 
larly  interesting.  Increased  expression  of  fatty  acid 
synthase  has  been  associated  with  the  early  steps  of 
human  mammary  carcinogenesis  [32].  Conversely,  inhi¬ 
bition  of  fatty  acid  synthase  has  been  associated  with 
apoptosis  of  human  breast  cancer  cells  [33]  and  has 
been  suggested  as  a  target  for  chemoprevention  of 
breast  cancer  [34].  In  cell  culture  studies,  a-linolenic 


acid  (increased  in  the  canola  oil  diet)  has  been  shown  to 
be  tumoricidal  to  breast  cancer  cells  and  to  inhibit  the 
overexpression  of  fatty  acid  synthase  [35].  The  long 
term  suppression  of  fatty  acid  synthase  would  contribute 
to  reduced  tumor  burden  seen  in  this  model. 

Another  gene  expression  change  that  could  reduce 
tumor  burden  was  the  13  fold  increased  expression  of 
Egrl  mRNA  in  the  CA/CO  group.  Egrl  is  a  tumor  sup¬ 
pressor  gene  that  has  been  associated  with  suppression 
of  proliferation  [36].  The  expression  of  this  gene  has 
been  shown  to  be  increased  by  genistein  and  by  reti¬ 
noids  [36,37]  providing  precedent  for  the  regulation  of 
this  gene  by  dietary  components. 

Even  though  we  did  not  directly  assess  NFkB  activa¬ 
tion,  the  mRNA  results  suggest  that  activation  of  the 
transcription  factor  NFkB  was  reduced  in  mammary 
glands  of  pups  from  mothers  that  consumed  the  canola 
oil  diet.  The  mRNA  for  inhibitor  of  kB  kinase  |3  (II<I<P) 
was  reduced  3  fold  in  CA/CO  pups  at  130  days  of  age. 
Activation  of  II<I<P  results  in  the  phosphorylation  of  IkB 
(inhibitor  of  kB)  and  allows  formation  of  NFkB  dimers 
that  can  translocate  to  the  nucleus  and  activate  tran¬ 
scription  of  downstream  genes  [38] .  Activation  of  IKI<P 
is  an  important  regulatory  step  in  NFkB  activity  [38], 
thus  reduced  II<I<P  would  be  expected  to  result  in 
decreased  activation  of  NFkB  and  reduction  in  mRNA 
of  genes  that  are  transcribed  following  NFkB  binding. 
Genes  downstream  from  NFkB  include  inducible  nitric 
oxide  synthase  (iNOS),  tumor  necrosis  factor  (TNF)  and 
vascular  cell  adhesion  molecule  1  (Vcaml).  The  mRNA 
from  each  of  these  genes  was  decreased  2  to  5  fold,  sup¬ 
porting  the  idea  that  NFkB  activation  was  reduced  in 
the  CA/CO  pups.  Clearly  there  is  much  work  to  be 
done  to  verify  this  notion  and  to  identify  mechanisms. 

The  mRNA  changes  in  the  Bcl-2  apoptotic  pathway 
were  also  intriguing.  Progression  to  apoptosis  is  a  bal¬ 
ance  between  pro-apoptotic  genes  such  as  Bcl-2  asso¬ 
ciated  X  (BAX)  and  anti-apoptotic  genes  such  as  Bcl-2 
and  Bcl-2-like-l  [39].  At  130  days  of  age,  the  mammary 
glands  of  CA/CO  mice  had  BAX  mRNA  at  22  fold  and 
BCF-2-like  1  at  -10  fold  that  of  the  CO/CO  mice.  Bcl2 
was  increased  4  fold  but  clearly  the  overall  balance  is  to 
promotion  of  apoptosis  of  defective  epithelial  cells  in 
the  CA/CO  mammary  glands. 

Conclusions 

Clearly  consumption  of  canola  oil  by  mothers  of  the 
experimental  mice  delayed  mammary  gland  tumor 
development  in  this  model.  Our  gene  expression  data 
have  provided  clues  to  mechanisms  employed  but  iden¬ 
tifying  and  verifying  the  mechanism(s)  remains  to  be 
done.  Since  long  term  changes  in  the  expression  of  mul¬ 
tiple  proteins,  such  as  seen  in  this  study,  are  often 
related  to  epigenetic  modification  of  the  promoter 
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region  of  genes,  we  have  initiated  epigenetic  studies  to 
identify  these  changes.  Future  work  includes  verification 
of  protein  changes  and  developing  reasonable  pathways 
for  the  delay  in  cancer  development  seen  in  this  model. 

It  has  been  suggested  that  30%  or  more  of  cancers 
could  be  prevented  by  dietary  changes  [40].  Substituting 
canola  oil  for  corn  oil  would  increase  the  ratio  of  omega 
3  fatty  acids  in  the  diet  and  is  an  easy,  cost  effective 
dietary  change  for  people  to  make.  Many  animal  studies 
have  shown  that  increasing  omega  3  fatty  acids  in  the 
adult  diet  provides  multiple  benefits  against  cancer.  This 
work  suggests  that  substituting  canola  oil  for  the  corn 
oil  in  the  maternal  diet  may  decrease  risk  for  breast  can¬ 
cer  in  the  daughter  in  addition  to  providing  benefit  for 
the  mother. 
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omega  6  fatty  acid;  PUFA:  polyunsaturated  fatty  acid 

Acknowledgements 

The  authors  gratefully  acknowledge  the  excellent  technical  assistance  of 
Theodore  Witte  and  the  receipt  of  the  C3(1)  TAg  mouse  breeding  pairs  from 
Dr.  Jeffrey  E.  Green. 

Funding  from  the  Department  of  Defense  Breast  Cancer  Research  Program 
W81XWH-04-1-0450  provided  support  for  the  animal  work.  Funding  from 
NIH  NCRR  grants  5P20RR020180  (Transcription  Factors  in  Cancer)  and 
5P20RR016477  (WV-INBRE  program)  provided  support  for  the  Marshall 
University  Genomics  Core  Facility  for  the  array  work.  Points  of  view  in  this 
document  are  those  of  the  authors  and  do  not  necessarily  represent  the 
official  position  or  views  of  the  DOD  or  of  the  NIH. 

Authors'  contributions 

WEH  conceived  the  study,  obtained  funding,  analyzed  data  and  wrote  the 
manuscript.  Gl  performed  the  array  studies  and  statistical  analyses  for  the 
arrays,  managed  animal  colonies.  JAA  assisted  with  all  facets  of  the  studies, 
performed  protein  analyses.  All  authors  read  and  approved  the  final 
manuscript. 

Competing  interests 

The  authors  declare  that  they  have  no  competing  interests. 

Received:  16  September  2009  Accepted:  6  March  2010 
Published:  6  March  2010 

References 

1 .  Rose  DP,  Hatala  MA:  Dietary  fatty  acids  and  breast  cancer  invasion  and 
metastasis.  Nutr  Cancer  1994,  21:103-1 11. 

2.  Rose  DP,  Connolly  JM:  Effects  of  dietary  omega-3  fatty  acids  on  human 
breast  cancer  growth  and  metastasis  in  nude  mice.  J  Natl  Cancer  Inst 
1993,  85:1743-1747. 


3.  Rose  DP:  Dietary  fatty  acids  and  prevention  of  hormone-responsive 
cancer.  Proc  Soc  Exp  Biol  Med  1997,  216:224-233. 

4.  Hilakivi-Clarke  L,  Clarke  R,  Onojafe  I,  Raygada  M,  Cho  E,  Lippman  M:  A 
maternal  diet  high  in  n-6  polyunsaturated  fats  alters  mammary  gland 
development,  puberty  onset,  and  breast  cancer  risk  among  female  rat 
offspring.  Proc  Natl  Acad  Sci  USA  1997,  94:9372-93 77. 

5.  Stark  AH,  Kossoy  G,  Zusman  I,  Yarden  G,  Madar  Z:  Olive  oil  consumption 
during  pregnancy  and  lactation  in  rats  influences  mammary  cancer 
development  in  female  offspring.  Nutr  Cancer  2003,  46:59-65. 

6.  Hilakivi-Clarke  L,  Cho  E,  Cabanes  A,  deAssis  S,  Olivo  S,  Helferich  W,  et  al: 
Dietary  Modulation  of  Pregnancy  Estrogen  Levels  and  Breast  Cancer  Risk 
among  Female  Rat  Offspring.  Clin  Cancer  Res  2002,  8:3601-3610. 

7.  Hardman  WE:  Dietary  canola  oil  suppressed  growth  of  implanted  MDA- 
MB  231  human  breast  tumors  in  nude  mice.  Nutr  Cancer  2007, 

57:177-183. 

8.  Green  JE,  Shibata  MA,  Yoshidome  K,  Liu  ML,  Jorcyk  C,  Anver  MR,  et  al:  The 

C3(1)/SV40  T-antigen  transgenic  mouse  model  of  mammary  cancer: 
ductal  epithelial  cell  targeting  with  multistage  progression  to  carcinoma. 

Oncogene  2000,  19:1020-1027. 

9.  Mietz  JA,  Unger  T,  Huibregtse  JM,  Howley  PM:  The  transcriptional 
transactivation  function  of  wild-type  p53  is  inhibited  by  SV40  large  T- 
antigen  and  by  HPV-16  E6  oncoprotein.  EMBO  J  1992,  11:5013-5020. 

10.  Dyson  N,  Buchkovich  K,  Whyte  P,  Harlow  E:  The  cellular  107K  protein  that 
binds  to  adenovirus  El  A  also  associates  with  the  large  T  antigens  of 
SV40  and  JC  virus.  Cell  1989,  58:249-255. 

11.  Cave  WT  Jr:  Dietary  n-3  (Q-3)  polyunsaturated  fatty  acid  effects  on 
animal  tumorigenesis.  FASEB  J  1991,  5:2169-2166. 

12.  Chen  ZY,  Istfan  NW:  Docosahexaenoic  acid  is  a  potent  inducer  of 
apoptosis  in  HT-29  colon  cancer  cells.  Prostaglandins  Leukot  Essent  Fatty 
Acids  2000,  63:301-308. 

13.  Clarke  RG,  Lund  EK,  Latham  P,  Pinder  AC,  Johnson  IT:  Effect  of 
eicosapentaenoic  acid  on  the  proliferation  and  incidence  of  apoptosis  in 
the  colorectal  cell  line  HT29.  Lipids  1999,  34:1287-1295. 

14.  Germain  E,  Lavandier  F,  Chajes  V,  Schubnel  V,  Bonnet  P,  Lhuillery  C,  et  al: 
Dietary  n-3  polyunsaturated  fatty  acids  and  oxidants  increase  rat 
mammary  tumor  sensitivity  to  epirubicin  without  change  in  cardiac 
toxicity.  Lipids  1 999,  34:S203. 

15.  Hardman  WE,  Munoz  J,  Cameron  IL:  Role  of  lipid  peroxidation  and 
antioxidant  enzymes  in  omega-3  fatty  acids  induced  suppression  of 
breast  cancer  xenograft  growth  in  mice.  Cancer  Cell  Int  2002,  2:10. 

16.  Bourre  JM:  Dietary  omega-3  fatty  acids  for  women.  Biomed  Pharmacother 
2007,  61:105-112. 

17.  Demark-Wahnefried  W,  Price  DT,  PolascikTJ,  Robertson  CN,  Anderson  EE, 
Paulson  DF,  et  al:  Pilot  study  of  dietary  fat  restriction  and  flaxseed 
supplementation  in  men  with  prostate  cancer  before  surgery:  exploring 
the  effects  on  hormonal  levels,  prostate-specific  antigen,  and 
histopathologic  features.  Urology  2001,  58:47-52. 

18.  U.S.  Department  of  Agriculture  ARS:  USDA  National  Nutrient  Database  for 
Standard  Reference,  Release  22.  USDA  Nutrient  Data  Laboratory  Home 
Page  2009  [http://www.ars.usda.gov/ba/bhnrc/ndl]. 

19.  Simopoulos  AP:  Omega-3  fatty  acids  in  health  and  disease  and  in  growth 
and  development.  Am  J  Clin  Nutr  1991,  54:438-463. 

20.  Zhao  G,  Etherton  TD,  Martin  KR,  Gillies  PJ,  West  SG,  Kris-Etherton  PM: 

Dietary  alpha-linolenic  acid  inhibits  proinflammatory  cytokine 
production  by  peripheral  blood  mononuclear  cells  in 
hypercholesterolemic  subjects.  Am  J  Clin  Nutr  2007,  85:385-391. 

21.  Zhao  G,  Etherton  TD,  Martin  KR,  West  SG,  Gillies  PJ,  Kris-Etherton  PM: 

Dietary  a-linolenic  acid  reduces  inflammatory  and  lipid  cardiovascular 
risk  factors  in  hypercholesterolemic  men  and  women.  J  Nutr  2004, 
134:2991-2997. 

22.  Rose  DP,  Connolly  JM,  Rayburn  J,  Coleman  M:  Influence  of  diets 
containing  eicosapentaenoic  or  docosahexaenoic  acid  on  growth  and 
metastasis  of  breast  cancer  cells  in  nude  mice.  J  Natl  Cancer  Inst  1995, 
87:587-592. 

23.  Johnson  GH,  Keast  DR,  Kris-Etherton  PM:  Dietary  modeling  shows  that  the 
substitution  of  canola  oil  for  fats  commonly  used  in  the  United  States 
would  increase  compliance  with  dietary  recommendations  for  fatty 
acids.  J  Am  Diet  Assoc  2007,  1 07:1 726-1 734. 

24.  Wang  J,  John  EM,  Horn-Ross  PL,  Ingles  SA:  Dietary  fat,  cooking  fat,  and 
breast  cancer  risk  in  a  multiethnic  population.  Nutr  Cancer  2008, 
60:492-504. 


Ion  et  al.  BMC  Cancer  2010,  10:81 
http://www.biomedcentral.eom/1 47 1  -2407/1 0/81 


Page  12  of  12 


25.  Maroulakou  IG,  Anver  M,  Garrett  L,  Green  JE:  Prostate  and  mammary 
adenocarcinoma  in  transgenic  mice  carrying  a  rat  C3(1)  simian  virus  40 
large  tumor  antigen  fusion  gene.  Proc  Natl  Acad  Sci  USA  2001, 
91:11236-11240. 

26.  American  Institute  of  Nutrition:  Report  of  the  American  Institute  of 
Nutrition  ad  hoc  comittee  on  standards  for  nutritional  studies.  J  Nutr 
1977,  107:1340-1348. 

27.  Ziegler  RG,  Hoover  RL,  Pike  MC,  Hildesheim  A,  Nomura  AMY,  West  DW, 

et  al:  Migration  patterns  and  breast  cancer  risk  in  Asian-American 
women.  J  Natl  Cancer  Inst  1993,  85:1819-1827. 

28.  Kolonel  LN,  Hinds  MW,  Hankin  JH:  Cancer  patterns  among  migrant  and 
native-born  Japanese  in  Hawaii  in  relation  to  smoking,  drinking  and 
eating  habits.  Genetic  and  Environmental  Factors  in  Experimental  and 
Human  Cancer  Tokyo:  Japan  Sci  Soc  PressGelbion  HV,  et  al  1980,  327-340. 

29.  Chapin  RB,  Brady  PS,  Barke  RA,  Brady  U:  Hepatic  CCAAT/enhancer  binding 
protein  (C/EBP-alpha  and  C/EBP-beta)  expression  changes  with  riboflavin 
deficiency,  diet  restriction  and  starvation  in  rats.  J  Nutr  1994, 
124:2365-2375. 

30.  Grimm  SL,  Rosen  JM:  The  role  of  C/EBPbeta  in  mammary  gland 
development  and  breast  cancer.  J  Mammary  Gland  Biol  Neoplasia  2003, 
8:191-204. 

31.  Zahnow  CA:  CCAAT/enhancer  binding  proteins  in  normal  mammary 
development  and  breast  cancer.  Breast  Cancer  Res  2002,  4:1 13-121. 

32.  Esslimani-Sahla  M,  Thezenas  S,  Simony-Lafontaine  J,  Kramar  A,  Lavaill  R, 
Chalbos  D,  et  al:  Increased  expression  of  fatty  acid  synthase  and 
progesterone  receptor  in  early  steps  of  human  mammary 
carcinogenesis.  Int  J  Cancer  2007,  120:24-229. 

33.  Bandyopadhyay  S,  Zhan  R,  Wang  Y,  Pai  SK,  Hirota  S,  Hosobe  S,  et  al: 
Mechanism  of  apoptosis  induced  by  the  inhibition  of  fatty  acid  synthase 
in  breast  cancer  cells.  Cancer  Res  2006,  66:5934-5940. 

34.  Lu  S,  Archer  MC:  Fatty  acid  synthase  is  a  potential  molecular  target  for 
the  chemoprevention  of  breast  cancer.  Carcinogenesis  2005,  26:153-157. 

35.  Menendez  JA,  Ropero  S,  Mehmi  I,  Atlas  E,  Colomer  R,  Lupu  R: 
Overexpression  and  hyperactivity  of  breast  cancer-associated  fatty  acid 
synthase  (oncogenic  antigen-519)  is  insensitive  to  normal  arachidonic 
fatty  acid-induced  suppression  in  lipogenic  tissues  but  it  is  selectively 
inhibited  by  tumoricidal  alpha-linolenic  and  gamma-linolenic  fatty  acids: 
a  novel  mechanism  by  which  dietary  fat  can  alter  mammary 
tumorigenesis.  Int  J  Oncol  2004,  24:1369-1383. 

36.  Singletary  K,  Ellington  A:  Genistein  suppresses  proliferation  and  MET 
oncogene  expression  and  induces  EGR-1  tumor  suppressor  expression 
in  immortalized  human  breast  epithelial  cells.  Anticancer  Res  2006, 
26:1039-1048. 

37.  Liu  T,  Bohlken  A,  Kuljaca  S,  Lee  M,  Nguyen  T,  Smith  S,  et  al:  The  retinoid 
anticancer  signal:  mechanisms  of  target  gene  regulation.  Br  J  Cancer 
2005,  93:310-318. 

38.  Hayden  MS,  Ghosh  S:  Signaling  to  NF-kappaB.  Genes  Dev  2004, 
18:2195-2224. 

39.  Letai  AG:  Diagnosing  and  exploiting  cancer's  addiction  to  blocks  in 
apoptosis.  Nat  Rev  Cancer  2008,  8:121-132. 

40.  World  Cancer  Research  Fund/American  Association  for  Cancer  Research: 
Food,  Nutrition,  Physical  Activity,  and  the  Prevention  of  Cancer:  A  global 
Perspective  Washington,  D.C.:  AICR  2007. 


Pre-publication  history 

The  pre-publication  history  for  this  paper  can  be  accessed  here:http://www. 
biomedcentral.com/1 471-2407/1 0/81 /prepub 

doi:  1 0. 1 1 86/1 47 1  -2407-1 0-8 1 

Cite  this  article  as:  Ion  et  al.:  Maternal  consumption  of  canola  oil 
suppressed  mammary  gland  tumorigenesis  in  C3(1)  TAg  mice  offspring. 

BMC  Cancer  2010  10:81. 


r  > 

Submit  your  next  manuscript  to  BioMed  Central 
and  take  full  advantage  of: 

•  Convenient  online  submission 

•  Thorough  peer  review 

•  No  space  constraints  or  color  figure  charges 

•  Immediate  publication  on  acceptance 

•  Inclusion  in  PubMed,  CAS,  Scopus  and  Google  Scholar 

•  Research  which  is  freely  available  for  redistribution 


Submit  your  manuscript  at 
www.biomedcentral.com/submit 


o 


BioMed  Central 


J 


BioMed  Central  publishes  under  the  Creative  Commons  Attribution  License  (CCAL).  Under  the  CCAL,  authors 
retain  copyright  to  the  article  but  users  are  allowed  to  download,  reprint,  distribute  and  /or  copy  articles  in 
BioMed  Central  journals,  as  long  as  the  original  work  is  properly  cited. 


